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Chemistry and Biochemistry, University of Colorado, Boulder, ColoradoABSTRACT Metabolite-dependent conformational switching in RNA riboswitches is now widely accepted as a critical regula-
tory mechanism for gene expression in bacterial systems. More recently, similar gene regulation mechanisms have been found
to be important for viral systems as well. One of the most abundant and best-studied systems is the tRNA-like structure (TLS)
domain, which has been found to occur in many plant viruses spread across numerous genera. In this work, folding dynamics for
the TLS domain of Brome Mosaic Virus have been investigated using single-molecule fluorescence resonance energy transfer
techniques. In particular, burst fluorescence methods are exploited to observe metal-ion ([Mnþ])-induced folding in freely
diffusing RNA constructs resembling the minimal TLS element of brome mosaic virus RNA3. The results of these experiments
reveal a complex equilibrium of at least three distinct populations. A stepwise, or consecutive, thermodynamic model for TLS
folding is developed, which is in good agreement with the [Mnþ]-dependent evolution of conformational populations and existing
structural information in the literature. Specifically, this folding pathway explains the metal-ion dependent formation of a func-
tional TLS domain from unfolded RNAs via two consecutive steps: 1) hybridization of a long-range stem interaction, followed
by 2) formation of a 30-terminal pseudoknot. These two conformational transitions are well described by stepwise dissociation
constants for [Mg2þ] (K1 ¼ 328 5 30 mM and K2 ¼ 1092 5 183 mM) and [Naþ] (K1 ¼ 74 5 6 mM and K2 ¼ 243 5 52 mM)-
induced folding. The proposed thermodynamic model is further supported by inhibition studies of the long-range stem interaction
using a complementary DNA oligomer, which effectively shifts the dynamic equilibrium toward the unfolded conformation.
Implications of this multistep conformational folding mechanism are discussed with regard to regulation of virus replication.INTRODUCTIONThe last three decades of nucleic acid research have revealed
a remarkable versatility in RNA functionality (1). This di-
versity stems from the catalytic activity of noncoding
RNA domains, illustrating that the biochemical role of
RNA goes far beyond the ability to encode for proteins.
Such structural RNA elements are involved in biological
catalysis (e.g., self-splicing, ligation) (2,3), posttranscrip-
tional modification (e.g., tRNA maturation, telomere syn-
thesis) (4), and regulation of gene expression (e.g.,
riboswitches, microRNAs) (5–9). Despite such variability
in function, these RNA elements all have one common
theme: biological activity depends on efficient, high-fidelity
formation of detailed three-dimensional structures (10).
Essential in the formation and preservation of active struc-
tures are tertiary contacts (11), which are often facilitated
by divalent ions and small effector molecules that stabilize
the global fold of the RNA (12) against the electrostatic
repulsion associated with the negatively charged phosphate
backbone (13).
One biological function of noncoding RNAs that heavily
relies on these interactions is the regulation of gene expres-Submitted July 6, 2015, and accepted for publication October 7, 2015.
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0006-3495/15/12/2625/12sion (14). In conventional gene expression, the functional
product, often a protein, is synthesized from messenger
RNA (mRNA), which in addition to the coding sequence
often contains structural elements within untranslated re-
gions that can be 50 and/or 30 to the coding sequence. These
untranslated regions offer an excellent way of regulating
mRNA recognition by the ribosome and thereby controlling
the efficiency of gene expression (15). One exceedingly
important group of regulatory RNA elements in gene
expression are riboswitches (7), i.e., structural RNA ele-
ments found on bacterial mRNAs located upstream of the
coding sequence that can generally occupy one of two
ligand-dependent conformational states that are either
gene expression active (on-state) or inactive (off-state).
Modulation of gene expression is achieved through selective
stabilization of one or the other conformation by binding to
a metabolite. By way of example, a riboswitch that is gene-
translation active, i.e., predominantly in the on-state, at low
metabolite concentrations, is downregulated at elevated
metabolite levels through stabilization of the off-state
(16,17). Thus, sensing of the [metabolite] results in self-
regulation of gene expression based on the RNAs affinity
for metabolite binding.
Bacterial gene regulation by riboswitches represents a
highly active area of research, with new classes beinghttp://dx.doi.org/10.1016/j.bpj.2015.10.006
FIGURE 1 TLS domain of Brome Mosaic Virus (BMV). (a) Secondary
(2) and (b) tertiary (3) representations of the 30-terminal 169-nt region
of BMV RNA3. To simplify visualization, sections are color-coded consis-
tently between the two representations. Bases are numbered from the 30-ter-
minus and labeled according to Felden et al. (23). To see this figure in color,
go online.
2626 Vieweger et al.discovered at a yearly rate. By way of contrast, similar reg-
ulatory mechanisms are only just beginning to emerge for
viral systems (18). Viruses are ubiquitous, infectious agents
that rely on exploitation of the host cell machinery for repli-
cation. The simplest viruses achieve this goal with as few as
two functional components: 1) a protective shell made from
identical capsid proteins and 2) the viral genome that con-
tains all the information necessary for successful replica-
tion. The small virion size (20–100 nm) greatly limits the
amount of genetic information that can be encoded within
the viral genome (19). As a result, viruses necessitate a
particularly efficient and compact system for regulation of
their complex replication cycle.
In positive-sense single-stranded RNA ((þ)ssRNA) vi-
ruses, the genome simultaneously serves as mRNA for
expression of viral genes as well as a template for RNA
replication. This multifunctional role of (þ)ssRNAviral ge-
nomes mandates an efficient mechanism for switching from
translation to replication as a function of the viral lifecycle.
As a result, some viruses have developed specific structural
domains at the 30-end of their genomes to accommodate
these additional regulatory requirements (20). One of the
most abundant and well-understood classes of viral regula-
tory domains is the tRNA-like structure (TLS), which is
found on many plant viruses spread across many genera
(8,9,21). These TLS-domains replace the 30-poly(A) tail of
endogenous mRNA while providing similar functions in
translation and stability. Specific virus-related properties
of TLS domains include: 1) involvement in encapsidation
of viral RNAs, 2) presentation of minus-strand promoter el-
ements for replicase recognition, and 3) regulation of
minus-strand synthesis (22). When one considers the intri-
cate structure-function relationship of noncoding RNAs,
the three-dimensional structure of this domain clearly plays
an essential role in its regulatory mechanism. Interestingly,
the TLS domain has been found to bear a remarkable resem-
blance to the L-shape of cellular tRNAs (Fig. 1 b), hence
giving it the name TLS or tRNA-like structure. Accordingly,
TLS domains retain three key tRNA-like biochemical prop-
erties: their abilities to 1) be amino-acylated, 2) form a
ternary complex with EF1A translation elongation factors,
and 3) serve as substrates for 30 adenylation by CCA
tRNA nucleotidyltransferase. However, the role of such
tRNA specific functions in viral replication is not well un-
derstood, and indeed varies among viruses (8,9).
A particularly interesting and representative example of
TLS domains is found in the Brome Mosaic Virus (BMV)
genome. BMV is a plant virus member of the Bromoviridae
family that is well established as a model system for the
infection of (þ)ssRNA viruses (24), and has been instru-
mental for studies of in vitro viral assembly (25). Its genome
is divided into three 50 capped RNAs that encode all four
genes required for BMV replication. RNA1 and RNA2
encode for 1) a helicase-like protein and 2) an RNA-depen-
dent RNA polymerase, respectively. These two gene prod-Biophysical Journal 109(12) 2625–2636ucts interact with one another to form the replication
complex. RNA3 encodes for two separate proteins, a move-
ment protein that is essential for cell-to-cell migration and a
coat protein that is expressed from a subgenomic mRNA
(RNA4) produced during the replication cycle. The TLS do-
mains of the three genomic RNAs are nearly identical, with
RNA1 and RNA2 differing from RNA3 by only one and
three bases, respectively (26). It is therefore somewhat sur-
prising that the three TLS domains show significant differ-
ences in their biochemical properties. For example, RNA1
and RNA2 require 30 amino acylation to support infectivity,
but not RNA3. Contrariwise, RNA3 requires the TLS
domain as a cis-regulating element for effective genome en-
capsidation, while it can be either cis- or trans- regulating in
RNA1 and RNA2 (8,27).
Structural studies involving chemical and enzymatic
probing have provided a three-dimensional model of the
TLS structure, as illustrated in Fig. 1 b (23). While no
SmFRET of the BMV TLS Domain 2627atomic resolution structural studies (e.g., NMR and x-ray
crystallography) for this TLS motif have been reported,
small angle x-ray scattering efforts suggest formation of a
compact core similar to the L-shape of tRNA, but with sig-
nificant flexibility and structural complexity (28,29). These
studies reveal two distinct conformations that exist in solu-
tions with either high (i.e., 10 mM) or low (e.g., 0 mM)
Mg2þ,which is consistent with a single two-state [Mg2þ]-
dependent folding mechanism for the BMV TLS RNA
(Fig. 2). At 0 mM [Mg2þ], the TLS presents itself as an
unfolded (U) string of seven individual stem-loops.
Conversely, at 10 mM [Mg2þ], the TLS folds into a compact
(F) conformation stabilized by two intramolecular interac-
tions (30): 1) a stem interaction between nucleotides 42–
48 and 127–133 (Fig. 2, green, STEM) and 2) a pseudoknot
interaction between nucleotides 5–10 and 111–116 (Fig. 2,
red and orange, PSK). It is worth noting for later discussion
that neither extreme of 0 or 10 mM [Mg2þ] represents real-
istic cellular conditions for viral infection.
As a fundamental consequence of this folded structural
model, folding from U to F requires formation of two spe-
cific interactions in addition to the unzipping of a 5-nt
hairpin (Fig. 2 A0). This presents a rather complicated sce-
nario for TLS folding, with at least two potential parallel
folding pathways differing in the order in which the two in-
tramolecular interactions are formed. One therefore antici-
pates the population of TLS conformations to be in a
complex equilibrium at intermediate, physiologically rele-
vant [Mg2þ] values. Detailed dynamics and kinetics studies
of such TLS folding pathways as a function of [Mg2þ] have
not been reported to date, which represent a major goal of
this work. Toward this end, we have designed a TLSFIGURE 2 Observed TLS dynamics (U 4 F) and plausible folding
pathways (STEM and PSK intermediates). Two-dimensional secondary
structure representations of TLS conformations. Folded (F) and unfolded
(U) conformations are based on chemical and enzymatic probing performed
at 10 mM [Mg2þ] and 1 mM [EDTA], respectively. Folding from U to F
conformation involves formation of two intramolecular interactions, 1) a
stem (green arrow labeled STEM formation) and 2) a pseudoknot (red
arrow labeled PSK formation). STEM and PSK represent intermediate con-
formations based on stepwise folding pathways differing in the order of for-
mation of the intramolecular interactions. See text for details. To see this
figure in color, go online.construct resembling the minimum TLS element of BMV
RNA3 to investigate the folding dynamics using single-
molecule fluorescence resonance energy transfer methods
(31,32). Studies at the single-molecule level permit direct
observation of conformational populations (33), providing
a particularly powerful tool for investigating structural het-
erogeneity, intermediate states, and RNA-folding dynamics
under equilibrium conditions (34,35). As a result, intermedi-
ate or misfolded conformations at the single-molecule level
can be explicitly identified and subpopulations readily
distinguished (35,36).
In this work, single-molecule burst fluorescence methods
are utilized to experimentally observe the metal-ion
([Mnþ])-dependent folding of the BMV TLS domain under
freely diffusing conditions by exploiting FRET between a
Cy3 donor and Cy5 acceptor covalently attached near the
30 and 50 termini, respectively (Fig. 2). TLS folding resulting
from formation of intramolecular interactions is observed as
a change in the distance (R) between the termini as
measured by changes in FRET efficiencies (EFRET). Histo-
grams of EFRET probabilities reveal three distinct conforma-
tions of TLS molecules in solution. Evolution of the
fractional populations with [Mnþ] is found to be in excellent
agreement with a sequential stepwise folding model based
on contemporary structural information (Figs. 1 and 2).
Most importantly, this model requires folding through a sta-
ble but never-before reported intermediate state, which we
temporarily denote by I. As we hope to make a convincing
case for in this work, this, to our knowledge, new conforma-
tional state contains the compact core stabilized by the
STEM interaction and the 30 hairpin A0, as determined by
oligo competition studies designed to inhibit formation of
the STEM domain. Finally, the implications of such a
folding mechanism as they relate to regulation of the viral
replication cycle are discussed.MATERIALS AND METHODS
TLS construct synthesis
To best retain biological function, the RNA construct is designed to closely
resemble the 30 terminal TLS of BMV RNA3, which contains the minimum
length element of 169 nt (37). In an effort to probe [Mg2þ]-dependent RNA
folding on a single-molecule level, three modifications are incorporated:
1) a Cy3/Cy5-FRET pair (green and red stars, Fig. 2) for observation of
conformational dynamics and 2) a biotin-anchor (blue circle, Fig. 2) to
enable studies of immobilized molecules. Briefly, construct synthesis is
achieved by: 1) synthesis of a DNA template containing the minimum
TLS element (169 nt), a 50 extension (20 nt), and T7 promoter sequence
(25 nt) using Assembly PCR; 2) in vitro transcription of the DNA template
(214 nt) using T7 RNA polymerase followed by gel extraction of the struc-
tural RNA element (189 nt); 3) selective 30 end-labeling (38) via oxidation
of the 30-ribose to dialdehyde with sodium meta-periodate (NaIO4), fol-
lowed by hydrazone formation by reaction of the aldehyde with a hydra-
zide-activated Cy3 fluorophore; 4) reductive amination of the hydrazone
bond with sodium cyanoborohydride (NaCNBH3); and 5) annealing of
the 30-labeled RNA construct to a complementary oligomer containing a
Cy5 label and Biotin modification for immobilization (tether,Biophysical Journal 109(12) 2625–2636
2628 Vieweger et al.50-UGUGU/iCy5/GUGUGUGUGUGCG GGCCC /BioTEG/-30; Integrated
DNATechnologies, Coralville, IA) followed by reverse-phase HPLC puri-
fication of doubly labeled RNA.Sample preparation
Samples for single-molecule studies are prepared as dilute (~125 pM) RNA
solutions in 50 mM HEPES buffer (H9897; Sigma Aldrich, St. Louis, MO)
at pH 7.5 containing a fluorescence support system comprised of the triplet
quencher Trolox (2 mM, 9-hydroxy-2,5,7,8-tetramethylchroman-2-carbox-
ylic acid, 238813; Sigma Aldrich) and the enzymatic oxygen scavenging
system PCA/PCD (10 mM, 3,4-dihydroxybenzoic acid, 37580;
0.1 mg/mL, protocatechuate 3,4-dioxygenase, P2879; Sigma Aldrich) to in-
crease the photostability of the Cy3/Cy5 FRET pair (39,40). Imaging solu-
tions are studied in a microliter flowcell assembled from a microscope slide
and a No. 1.5 cover glass (22  22 mm; Corning, Corning, NY) secured by
two pieces of double-sided tape separated by 1–2 mm to form a narrow
channel with a ~5 mL sample volume. This channel is flushed with 50 mL
of sample solution just before the experiment. Salt-dependent folding-un-
folding equilibrium studies in BMV TLS are performed by systematic addi-
tion of concentrations of NaCl or MgCl2 solution. Similarly, competition
studies are performed by addition of DNA oligomers complementary to
the STEM domain at a series of known concentrations.Single-molecule instrumentation
Single-molecule experiments are performed on an inverted scanning
confocal microscope (IX70; Olympus, Center Valley, PA) with dual laser
excitation, displayed in Fig. 3 a (labels in bold refer to Fig. 3 a) (41,42).
Briefly, pulses from a mode-locked, frequency doubled Nd:YAG laser
(EX1, 10 ps, 532 nm, LYNX; Time-Bandwidth Products, Zurich,
Switzerland) are used to trigger synchronized pulses from a diode laser
(EX2, <100 ps, 635 nm, PDL800; PicoQuant, Berlin, Germany) at a repe-
tition rate of 20.6 MHz. This pair of lasers is then spatially overlapped
(DM1) and temporally delayed to obtain an interleaved excitation train
of uniformly spaced, alternating red/green laser pulses separated by
25 ns. The laser beams are expanded (BE) to overfill the back aperture of
the objective and focused to the diffraction limit by a 1.2 NAwater immer-
sion objective (60W, UPlanApo 60; Olympus). Intensities are attenu-
ated by neutral density filters to deliver 0.5–100 mW at the focal plane,threshold, where the distribution at negative FRETefficiencies originates from do
excitation of Cy5. (e) Histogram of FRET efficiencies from fluorescence bursts
filtered). To see this figure in color, go online.
Biophysical Journal 109(12) 2625–2636with emitted photons collected by the same objective and filtered from inci-
dent laser light with a dichroic mirror (DM2, ZT532/640rpc; Chroma Tech-
nology, Bellows Falls, VT). Out-of-plane and off-axis fluorescent photons
are spatially filtered by a 50-mm confocal pinhole (P). The beam of fluores-
cent photons is split into horizontally and vertically polarized detection
paths (PBS, CVI PBSH-450-1300-100; CVI Laser Optics, Albuquerque,
NM), which are further separated into donor (CY3) and acceptor (CY5)
channels by identical dichroic mirrors (DM3, 645DCXR; Chroma Technol-
ogy). The four photon channels are band-pass-filtered (HQ585/70M and
HQ700/75M; Chroma Technology) and detected on individual single-
photon counting avalanche photodiodes (APDs, SPCM-AQR-14; Perkin-
Elmer Optoelectronics, Fremont, CA). Photon arrival events are recorded
on a time-correlated single-photon counting module (SPC-134; Becker &
Hickl, Berlin, Germany) and stored time-tagged and time-resolved with
respect to the start of the experiment and the excitation pulse train.Analysis of FRET efficiencies from freely
diffusing molecules
Analysis of freely diffusing molecules has been described in detail in Fiore
et al. (41). Briefly, fluorescence from labeled RNA constructs is collected
with the laser focus 15 mm into the sample solution to ensure that experi-
mental observations are not influenced by the presence of the flowcell sur-
face. As a molecule traverses through the confocal volume (~0.5 fL), it can
absorb and emit photons several times, resulting in a fluorescence burst,
which is then separated spatially with respect to emission from donor and
acceptor molecules and detected as time-tagged and time-resolved with
respect to the alternating excitation train (alternating laser excitation,
ALEX). Time traces of fluorescence bursts are obtained for both donor
(Fig. 3 b) and acceptor excitation (Fig. 3 c) by sorting single-photon arrivals
into 1-ms bins. Individual bursts are identified as single time-bins that
exceed a count-rate threshold (typically 25 kHz) as a result of fluorescence
from either of the two alternating excitation sources (33) to ensure that only
doubly labeled RNA constructs are considered for analysis. For successful
events, FRETefficiencies (EFRET) are calculated from corrected donor (I
c
D)
and acceptor (IcA) intensities according to Eq. 1 to compensate for molec-
ular (direct excitation, differential quantum yields) and instrumentation
(collection efficiencies, channel cross talk) parameters (41):
EFRET ¼ I
c
A
IcA þ IcD
: (1)FIGURE 3 Experimental techniques. (a) Con-
focal microscope for single-molecule studies (see
text for details). Freely diffusing molecules are
alternately excited at the donor and acceptor wave-
lengths. The fluorescence photon is detected on
one of four avalanche photodiodes, sorted by
(donor/acceptor) wavelength and (horizontal/verti-
cal) polarization. (b) Time-trace of fluorescence in-
tensities for freely diffusing TLS molecules with
donor excitation. The dashed trace represents
emission from donor molecules, while the solid
trace represents emission from acceptor molecules
excited by energy transfer. (c) Time-trace of
fluorescence intensities for freely diffusing TLS
molecules excited directly on Cy5, which unam-
biguously confirms the presence of the acceptor
dye and permits ALEX filtering. (d) Histogram
of fluorescence bursts from intensity traces of
donor-excited molecules that reach the intensity
nor-only molecules due to rigorous correction for both cross talk and direct
that exceed the threshold following donor and acceptor excitation (ALEX-
SmFRET of the BMV TLS Domain 2629Energy transfer efficiencies are then histogrammed for ~103–104 individ-
ual events, with distributions analyzed by fitting to a sum of Gaussians to
determine the statistical probabilities of observing RNA molecules with a
given EFRET. As shown in Fig. 3, d and e, this ALEX filtering procedure per-
mits efficient removal of the donor-only contribution at negative EFRET
values (Fig. 3 d) without distorting the EFRET distributions.FIGURE 4 [Mg2þ]-induced TLS folding. (a) Histograms of EFRET distri-
butions at (I) low, (II) intermediate, and (III) high [Mg2þ] at 50 mM [Naþ].
The black solid curve is fit to a sum of three Gaussians with the individual
distributions displayed in dashed, dotted, and dashed-dotted, respectively.
(b) Fractional populations from Gaussian distributions are plotted versus
[Mg2þ]. Solid curves are fits to a three-state stepwise folding mechanism
(see text for details). To see this figure in color, go online.RESULTS AND DISCUSSION
TLS folding (U# F) occurs through an
intermediate conformation
To correlate structural information from chemical and enzy-
matic probing studies (U and F in Fig. 2) with EFRET signa-
tures in single-molecule experiments, burst fluorescence
methods are utilized to observe [Mnþ]-induced folding of
the BMV TLS domain in freely diffusing molecules
(31,32). Placement of a Cy3 donor and Cy5 acceptor near
the 30 and 50 termini (Fig. 2) allows observation of U to F
folding as measurable change in FRET efficiencies deter-
mined according to Eq. 1. In agreement with structure prob-
ing studies, [Mg2þ]-dependent TLS folding can be
systematically induced by increasing the [Mg2þ] from 0 to
10 mM under standard HEPES buffer conditions (50 mM
HEPES, 50 mM [Naþ], pH 7.5). Representative histograms
are displayed in Fig. 4 a for three experimental conditions,
demonstrating the [Mg2þ]-dependent distribution of EFRET.
In clear contrast with the accepted folding model (Fig. 2),
three rather than two populations are distinctly observed,
evolving with increasing [Mg2þ] from 1) low to 2) high,
and then back down to 3) an intermediate EFRET value. As
the titration is performed over a narrow range in total ionic
strength, structural rearrangements within subpopulations
are minimal, permitting analysis as a three-state system
assuming well-defined and distinguishable distributions
(41). Consequently, the entire set of EFRET histograms can
be fit simultaneously to a sum of three Gaussians with com-
mon but adjustable peak widths and centers, to obtain an ac-
curate determination of subpopulations across the entire
range of investigated [Mg2þ]. The resulting least-squares
fits clearly support the presence of three conformational
subpopulations (Fig. 4 a) at EFRET ¼ 0.097 5 0.002
(dashed), 0.744 5 0.006 (dashed-dotted), and 0.311 5
0.006 (dotted), in order of increasing [Mg2þ].
The presence of a stable, unreported RNA conformation
at high EFRET and indeed more physiologically relevant
[Mg2þ] represents an interesting observation that warrants
further discussion. One key question is why this conforma-
tion was unobserved in previous structure-probing studies
The simple answer is that these previous ensemble studies
were intentionally performed at 1) low [Mg2þ] (50 mM
HEPES, 1 mM EDTA) and 2) high [Mg2þ] (50 mM HEPES,
10 mM Mg2þ) conditions (23), precisely to achieve more
nearly monodisperse conformational populations. Indeed,
these low and high [Mg2þ] conditions do yield primarily
unfolded (U) and folded (F) species (see Fig. 2). On theother hand, single-molecule burst fluorescence methods
achieve higher sensitivity to conformational change (31–
34,42,43) and subpopulations (33), thus providing valuable
kinetic and thermodynamic information on the folding
pathway from U to F. Correlation of structural and single-
molecule information suggests that populations at low and
intermediate EFRET (dashed and dotted curves in Fig. 4 a)
correspond to the U and F conformations in Fig. 2, respec-
tively. The population at high EFRET (dashed-dotted curve,
Fig. 4 a) features a shorter distance between the FRET
pair than either U and F, and thus represents a predominant
albeit heretofore unobserved intermediate species (I) along
the U to F folding pathway under physiological [Mg2þ]
conditions. Further validation for this assignment of TLS
conformations to EFRET populations can be inferred from
the known distance dependence for FRET efficiencies.
Based on helical constraints, the U conformation, consisting
of a string of stem loops, is expected to exhibit a low EFRET
signature with a distribution centered ~0 (>10 nm 50 to 30
distance) at full extension. Due to residual monovalent
salt present under U conditions, an electrostatically equili-
brated structure is anticipated, consistent with the observedBiophysical Journal 109(12) 2625–2636
2630 Vieweger et al.EFRETof ~0.1. By way of contrast, the F conformation forms
a compact core stabilized by STEM and PSK intramolecu-
lar interactions (see Fig. 1, top and bottom), effectively
reducing the 50–30 distance, thus increasing the FRET effi-
ciency to EFRET ~0.3–0.6 (see Fig. 2), i.e., again consistent
with the observed EFRET value of 0.311(6).
The high EFRET ¼ 0.744(6) value for the intermediate (I)
originates from a conformation between U and F with a
short donor-acceptor distance, indicative of a stepwise
folding pathway that favors one of the two possible pseudo-
knot (PSK) or stem (STEM) interactions. Unfolding of the
folded F conformation through a PSK intermediate (Fig. 2)
would require rotation of the 50 terminus about the structural
core (Fig. 1 b), likely resulting in further separation of the
donor-acceptor distance (23), thus predicting an EFRET
value between those observed for F and U. By way of
contrast, unfolding of F through a STEM intermediate
would likely proceed via unzipping the 30 PSK interaction
and formation of hairpin A0 (Fig. 2), likely resulting in a
reduced 30-50 distance and thus increasing EFRET, as
observed in this single-molecule experiments. Indeed,
from structure modeling studies, Felden et al. (23) have
even postulated the existence of a mostly folded conforma-
tion where hairpin A0 is formed as opposed to the pseudo-
knot in the F conformer (23). Consequently, we propose a
TLS folding pathway from a fully unfolded (U) to fully
folded (F) structure that proceeds via formation of the
STEM interaction followed by the 30 pseudoknot (PSK).
This implies the presence of a stable STEM conformation
for TLS that predominates at physiologically intermediate
[Mnþ] concentrations (see STEM pathway in Fig. 2).TLS folding follows a stepwise mechanism
(U# I# F)
To further validate the presence of a three-state stepwise
folding mechanism, we analyze the data in the context of
the following simple equilibrium kinetic model:
U#I K1;
I#F K2:For such a model, K1 and K2 represent Mg
2þ-dependent
dissociation constants for the first (U # I) and second
(I# F) steps, respectively. Two approaches are commonly
used to describe such Mnþ-dependent RNA folding equi-
libria:mass action schemes and formalisms based on inter-
action coefficients. While mass action schemes assume
that ions are ligands that bind to RNA sites in a stoichio-
metric manner, interaction coefficients consider the electro-
static character of interactions between charged
macromolecules and ions and thus account for long-range
electrostatic interactions and effects of counterions (44).Biophysical Journal 109(12) 2625–2636Both approaches ultimately model a sigmoidal response to
Mnþ folding and thus capture the curve of the folding tran-
sition and in particular, the midpoint. To demonstrate the
stepwise equilibrium process in TLS folding, the more
simplistic approach of deriving kinetic models based on
stoichiometric mass action schemes is applied. This gives
the flexibility to test the validity of the stepwise folding
model by further including competitive inhibition of the in-
termediate state I (see Stepwise TLS Folding Occurs
through a STEM Rather than PSK Intermediate). From
[Mnþ]-induced RNA folding studies, it can be readily shown
that fractional populations for such a stepwise model should
be given by
fi ¼ ½i½U þ ½I þ ½F ¼
½i
1þ ½M
n
Kn1
þ ½M
nþm
Kn1K
m
2
; (2)
where n andm values are the degree of Hill cooperativity for
Mg2þ binding. Experimentally, f(Ni) is proportional to the
fractional number of FRET events in each population
subgroup,
f ðNiÞ ¼ ½Ni=ð½NU þ ½NI þ ½NFÞ;
where Ni is obtained by integrating over each Gaussian line-
shape in the single-molecule burst distributions with i ¼ U,
I, or F representing the conformation of interest. The
[Mg2þ]-dependent evolution of these populations is plotted
in Fig. 4 b (blue circles for fU, red diamonds for fF, and green
triangles for fI). As expected, U dominates (63%) at low
[Mg2þ], although there are also appreciable amounts of
TLS in intermediate (12%) and folded (26%) conforma-
tions. With increasing [Mg2þ], the fractional populations
yield a transient peak in the I conformation at near-physio-
logical concentrations (~500 mM). At even higher [Mg2þ]
(1–10 mM), [I] drops in favor of F state formation down
to a small but finite value.
For the simplified kinetic model in Eq. 2, the low and high
Mg2þ limits should yield entirely unfolded (U) or folded (F)
populations, i.e., close to but not observed in Fig. 4. All
three states are observed in dynamic equilibrium over the
entire range of [Mnþ] with the unfolded U and folded F con-
formations dominating at low and high [Mg2þ], respec-
tively. Nonetheless, [Mg2þ] is not the only parameter
affecting the RNA folding equilibrium; other influences,
e.g., monovalent ions [Mþ] and temperature, visibly affect
the folding dynamics resulting in deviations from Eq. 2 in
the form of saturating upper and lower boundaries of confor-
mational populations and thus equilibrium constants.
Incomplete unfolding (fU < 1) at 0 mM [Mg
2þ] can thus
be ascribed to residual monovalent [Naþ] in the imaging
buffer (50 mM HEPES, 50 mM [Naþ]), while incomplete
folding (fF< 1) at 10 mM [Mg
2þ] is most likely due to satu-
ration of the equilibrium (i.e., Keq ~ 4 for I# F in Fig. 4 b).
SmFRET of the BMV TLS Domain 2631Consistent with previous studies, these experimental param-
eters can be taken into account by offsets fpre and fsat to cap-
ture the fraction of prefolded molecules and saturation of the
equilibrium due to applied experimental conditions, respec-
tively, resulting in a reduced fraction for the fractional pop-
ulations (fi):
fi ¼ fpre;i þ

fpre;i  fsat;i
 ½i
1þ ½M
n
Kn1
þ ½M
nþm
Kn1K
m
2
: (3)
The fractional populations f(Ni) have been fit simulta-
neously to Eq. 3, keeping K1, K2, n, and m adjustable but
common for all three data sets (fU, fI, and fF). Results are dis-
played in Table 1, with the least-squares fits overlaid in
Fig. 4 b. The stepwise folding dynamics are well described
by K1¼ 3285 30 mM and n¼ 2.05 0.3 and K2¼ 10925
183 mM and m ¼ 1.3 5 0.2 for the first and second steps,
respectively, yielding a total cooperativity of n þ m ¼
3.35 0.4.
The min/max (fpre, fsat) and dynamic range (Df) for each
conformation provides additional information about the
TLS folding dynamics. For example, fsat,U ¼ 0.63 5 0.02
at [Mg2þ] ¼ 0 mM implies that even at 50 mM [Naþ] in
the buffer, 37% of the TLS molecules are already either
fully folded (F) or in the intermediate (I) state. Furthermore,
of these 37%, the ratio is fpre,F ¼ 0.26 5 0.01/fpre,I ¼
0.12 5 0.02 ¼ 2.2:1, which implies a lower free energy
for the folded versus intermediate state at 0 mM [Mg2þ].Monovalent metal-ions [MD] affect the TLS
folding equilibrium
The above [Mg2þ]-dependent studies clearly indicate a
reduced albeit finite sensitivity to monovalent ions [Mþ].
To assess the importance of such [Mþ]-induced effects,
TLS folding has also been studied as a function of [Naþ],
holding [Mg2þ] ¼ 0 mM by addition of 1 mM [EDTA].
Due to residual concentration of monovalent ions in the im-
aging buffer solutions (e.g., 50 mM hemi-sodium HEPES
at pH 7.5 contains 25 mM [Naþ]), the lowest [Naþ] concen-
tration attainable in our [Mþ] titration experiments is 35mM.
Burst experiments are therefore performed by increasingTABLE 1 Least-squares fit parameters for [Mg2D]-induced
TLS conformational change (U/ I, I/ F) based on an
equilibrium 3-state sequential folding model
Parameter U I F
fpre 0.005 0.02 0.125 0.02 0.265 0.01
fsat 0.635 0.02 0.735 0.07 0.835 0.03
Df (¼ fsat-fpre) 0.635 0.03 0.615 0.07 0.575 0.04
KD1 (mM) 3285 30
KD2 (mM) 10925 183
n 2.05 0.3
m 1.35 0.2[Naþ] from 35 mM to 1.035 M, with representative histo-
grams for 1) low (35 mM), 2) intermediate (135 mM), and
3) high (1035 mM) [Naþ] presented in Fig. 5 a. Once again,
three distinct populations (U, I, and F) are observed, with
populations that evolve in predominance from low through
high to intermediate EFRET with increasing [Na
þ]. Similar
to the analysis for the [Mg2þ] series, the EFRET distributions
have been globally fit to a sumof threeGaussianswith adjust-
able peak widths and centers, resulting in distributions
centered at EFRET ¼ 0.078 5 0.002 (dashed, U), 0.718 5
0.004 (dashed-dotted, I), and 0.297 5 0.005 (dotted, F).
TheseEFRET center values are quite close to but lower to those
observed in the [Mg2þ] titrations (DEFRET(U) ¼ 0.0195
0.003, DEFRET(I) ¼ 0.026 5 0.007 and DEFRET(F) ¼
0.015 5 0.008), indicating 1) a slightly more compact
overall conformation with [Mg2þ] present and 2) shorter dis-
tances between the FRET donor and acceptor.
Fractional populations for each of the three component
conformations are plotted versus [Naþ], with least-squares
fits to Eq. 3 displayed in Table 2 and overlaid in Fig. 5 b.
The evolution of the equilibrium EFRET populations is again
quite well described by a sequential three-state stepwiseFIGURE 5 [Naþ]-induced TLS folding. (a) Histograms of EFRET distri-
butions at (I) low, (II) intermediate, and (III) high [Naþ] at 0 mM
[Mg2þ]. Black solid curves are first to a sum of three Gaussians with indi-
vidual distributions displayed in dashed, dotted, and dashed-dotted, respec-
tively. (b) Fractional populations from Gaussian distributions are plotted
versus [Naþ]. Curves are fits to a three-state stepwise folding mechanism
(see text for details). To see this figure in color, go online.
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TABLE 2 Least-squares fit parameters for [NaD]-induced TLS
conformational change (U/ I, I/ F) based on an equilibrium
3-state sequential folding model
Parameter U I F
fpre 0.115 0.03 0.005 0.06 0.145 0.04
fsat 0.925 0.08 0.625 0.10 0.985 0.09
Df (¼ fsat-fpre) 0.815 0.09 0.625 0.11 0.845 0.10
KD1 (mM) 745 6
KD2 (mM) 2435 52
n 3.35 0.8
m 1.35 0.3
2632 Vieweger et al.mechanism, with dissociation and coordination constants of
K1 ¼ 745 6 mM, n ¼ 3.35 0.8 and K2 ¼ 2435 52 mM,
m ¼ 1.3 5 0.3 for the U # I and I # F folding steps,
respectively. Note that folding is significantly less sensitive
to the presence of monovalent versus divalent cations,
indeed requiring 225 5 28- and 222 5 60-fold higher
[Naþ]/[Mg2þ] to achieve formation of the PSK and
STEM interactions. However, such behavior is in good
qualitative agreement with known efficiencies for RNA
folding induced by [Mg2þ] versus [Naþ], and which has
been interpreted in terms of reduced screening of electro-
static repulsion by monovalent versus divalent species
(45). More quantitatively, [Mg2þ] in [Mnþ]-induced folding
of the tetraloop receptor interaction has been observed to be
~500-fold more efficient than [Naþ] (41).
From Fig. 5, the [Naþ] titration data predicts a saturation
limit of fsat,U ¼ 0.92 5 0.08 for the fraction of unfolded
molecules in the absence of metal ions, i.e., indistinguish-
able from unity. A contribution due to the folded fraction
of fpre,F ¼ 0.145 0.04 is observed, while the intermediate
population (fpre,I ¼ 0.005 0.06) is essentially nonexistent.
The saturation limit for formation of the fully folded state
(fsat,F¼ 0.985 0.09) is essentially unity. These results indi-
cate that 1) the same intermediate is formed in both Naþ and
Mg2þ folding studies and 2) all molecules are capable of
forming both intramolecular interactions at high enough
monovalent ion concentrations.Stepwise TLS folding occurs through a STEM
rather than PSK intermediate
To verify that the high EFRET populations in Figs. 4 and 5
reflect a STEM intermediate and thus confirm the predom-
inance of the STEM folding pathway, we take advantage of
the fact that the intermediate I likely contains only the PSK
or STEM interactions and thus can be selectively influenced
by oligo competition studies. Specifically, an 8-nt DNA
oligomer (oligo; 50-CGGTACCC-30, Integrated DNA Tech-
nologies) complementary to nucleotides 41–48 (50-
GGGUACCG-30) in the STEM domain (green in Fig. 2)
is utilized in burst fluorescence studies. Incorporation of
this oligomer into the TLS construct results in formation
of an 8-basepair helix in place of the STEM domain, whichBiophysical Journal 109(12) 2625–2636is expected to still allow the formation of the 30 terminal
PSK interaction. As seen in Fig. 1, the 50 domains including
B1 hinge on hairpin A0 via a flexible UU linker that facili-
tates unzipping of the STEM domain without interfering
with the 30 terminal PSK interaction. Oligomer binding
will therefore inhibit formation of the STEM conformation,
thus shifting the equilibrium in favor of the U conformation.
As a consequence, the fractional population of the interme-
diate conformation (fI) should decrease with increasing
[oligo] for the STEM pathway, while no change is antici-
pated for the PSK pathway, thus allowing clear differentia-
tion between the PSK and STEM intermediates based on
response to oligomer competition. Furthermore, nearest-
neighbor calculations predict a dissociation constant (Kc)
for competitor binding of Kc ~ 10 nM at 20
C, which is
readily attainable in burst titration experiments (46).
To modify the three-state stepwise folding equilibrium
mechanism to account for inhibition via the complementary
oligo, expressions for the fractional populations of the inter-
mediate state at high EFRET can be derived for both PSK and
STEM pathways, resulting in Eqs. 4 and 5, respectively:
fc;STEM ¼
½Mn
Kn1
½oligo
Kc
þ 1þ ½M
n
Kn1
þ ½M
nþm
Kn1K
m
2
; (4)
½Mn ½Mn½oligo
fc;PSK ¼ K
n
1
þ
Kn1Kc
½oligo
Kc
þ 1þ ½M
n
Kn1
þ ½M
n½oligo
Kn1Kc
þ ½M
nþm
Kn1K
m
2
: (5)
As expected, Eqs. 4 and 5 for the STEM and PSK path-
ways predict a decrease and increase, respectively, for
fc,STEM with increasing [oligo], which should be readily
distinguishable.
To test these predictions, burst fluorescence experiments
have been performed at buffer conditions favoring the inter-
mediate conformation (I) at high EFRET (135 mM [Na
þ],
50 mM HEPES buffer) for [oligo] ranging from 0 to
2.5 mM. EFRET histograms show a systematic decrease in
the I state population at high EFRET, as indeed expected
for the STEM pathway. Fractional populations are deter-
mined from these burst studies by fitting EFRET distributions
with a sum of two Gaussians according to f(I) ¼ [high
EFRET]/([low EFRET]þ[high EFRET]) and plotted against
[oligo] in Fig. 6 b. To more quantitatively establish the
STEM conformation as the intermediate for the folding
pathway, fractional high and low EFRET populations are fit
simultaneously to Eq. 4, fixing all dissociation/cooperativity
parameters at values obtained under [oligo] ¼ 0 nM condi-
tions. Least-squares fit predictions to the burst fluorescence
data are included (dashed curve) in Fig. 6 b. Note the very
FIGURE 6 Folding inhibition experiments. (a) Folding model for
competitive inhibition of STEM interaction. Experiments are performed
at conditions that favor the intermediate conformation (135 mM [Kþ],
0 mM [Mg2þ]). Complementary oligomer binds to the unfolded conforma-
tion resulting in a complexed state U◦C. (b) Evolution of the intermediate
conformation fI is plotted versus [oligo]. The fractional population is fit to a
model for competitive inhibition in the STEM pathway (blue dashed line).
The least-square fitted dissociation constant for the oligomer-RNA binding
step (Kc ¼ 145 2 nM) compares well to the predicted KD ¼ 10 nM value.
To see this figure in color, go online.
SmFRET of the BMV TLS Domain 2633clear agreement between experiment and the oligomer
competition model for three-state stepwise TLS folding
with a STEM intermediate, with the measured inhibition
constant (Kc ¼ 14 5 2 nM) even in close agreement with
estimates (KD ¼ 10 nM) from nearest-neighbor predictions.
Indeed, these oligo competition experiments provide unam-
biguous identification of the I intermediate in a sequential
three-state TLS folding mechanism to be the STEM rather
than the PSK conformation.Biological implications
Physiological conditions favor the I (STEM)# F equilibrium
step
The above [Mg2þ] and [Naþ] titration experiments make
clear that a distribution of U, STEM, and F populations is
present in dynamic equilibrium. Thus the observed values
of K1 ¼ 74 5 6 mM and K2 ¼ 243 5 52 mM in the[Naþ] series and K1 ¼ 328 5 30 mM and K2 ¼ 1092 5
183 mM in the [Mg2þ] series constitute approximate values
for experiments performed in the presence of near-physio-
logical concentrations of both mono- and divalent ions. Pre-
viously, presence of both mono- and divalent ions have been
reported to exert synergistic as well as competitive effects
on the folding dynamics for different RNA constructs,
thus predicting opposite effects on the overall dissociation
constants (KD) for the individual steps in such a sequential
mechanism (41,47). By way of specific example, the analo-
gous study of [Mg2þ]-dependent TLS folding at 135 mM
[Naþ] reveals that K2 ~ 550 mM (data not shown), i.e.,
twofold lower than observed at 35 mM [Naþ]. The effects
of mono- and divalent ion contributions on TLS folding
are thus synergistic for the K2 equilibrium step and further
shift the midpoint of the folding transitions toward lower
[Mnþ] additionally favoring the fully folded conformer.
Most importantly, under physiological conditions, the equi-
librium populations will thus be dominated by the second
process (STEM # F), while the unfolded (U) state does
not contribute significantly.
TLS domains in the BMV genome differ only in the STEM
interaction region
As a consequence of this equilibrium, the thermodynamic
stability of the STEM intermediate is anticipated to be
particularly relevant to BMV biochemical function. While
an almost complete sequence identity is observed across
the TLS domains of the three genomic RNAs, intriguingly,
the few differences that do exist are located within the 7-bp
overlap of the long-range stem interaction (26) that was
identified above as the sole structure motif responsible for
stabilizing the intermediate STEM conformation. As dis-
played in Fig. 7 a, this stem region in RNA3 folds via rela-
tively strong interaction of five canonical (4 GC and 1
AU) and 2 noncanonical GU basepairs, and with nearest-
neighbor calculations predicting a free energy change of
DG0 ¼ 10.3 kcal/mol. In BMV2, a mutation at A44 to G
destabilizes the STEM interaction by replacement of an
AU with a GU basepair, with the corresponding interaction
free energy dropping to DG0 ¼ 9.3 kcal/mol. BMV1 ex-
hibits two additional mutations (U131 to C and C43 to U)
that compensate each other through replacement of a GU
by a GC and a GC by a GU basepair resulting in DG0 ¼
9.2 kcal/mol. Consequently, the STEM interaction is
weakened in BMV1 and BMV2 by approximately the
same amount (DDG0 ¼ 1.055 0.05 kcal/mol) with respect
to BMV3 effectively reducing the thermodynamic stability
of their STEM intermediates. Considering the stepwise
TLS folding mechanism in Fig. 2, formation of the
long-range stem and pseudoknot interactions are in a ther-
modynamic competition for the predominate folding inter-
mediate. While the STEM intermediate outperforms the
PSK in BMV3, weakening of the stem interaction in
BMV1 and BMV2 would likely shift the equilibriumBiophysical Journal 109(12) 2625–2636
FIGURE 7 Effects of differences in the TLS domains of BMV1-3. (a)
The 30 169-nt TLS domain is conserved across all three genomic RNAs.
Compared to the above described BMV RNA3, the only changes observed
in this region are located in the STEM domain. RNA2 contains one point
mutation of A44 to G44. RNA1 contains three mutations of A44 to G44,
C43 to G43, and U141 to C141. (b) Schematic of the stepwise folding
pathway of TLS in BMV. The choice of the intermediate structure I depends
on the equilibrium concentrations of STEM, PSK, and U conformations in
solution. Such concentrations are given by the equilibrium constants K11
and K12 and therefore the energetics of formation of the STEM and PSK
state. Destabilizing of the stem domain as observed in RNA1 and RNA2
thus shifts the equilibrium toward the PSK conformation and thus the
PSK pathway. To see this figure in color, go online.
FIGURE 8 Structural similarities of BMV and AMV and known func-
tional implications. (a) Structural switch in BMV. The TLS is charged
with tyrosine by a tRNA amino-acyl transferase that recognizes the pseudo-
knot at the 30 terminus. (b) Structural switch in AMV. The TLS in AMV re-
sponds to its capsid protein. Binding of the capsid protein to the 30 hairpin in
the alternate conformation induces assembly of the protein coat around the
virus genome. To see this figure in color, go online.
2634 Vieweger et al.composition toward the PSK conformation, possibly
making the PSK pathway a feasible folding alternative
(Fig. 7 b).
STEM/ F conformational switching as a regulatory
mechanism
Previous structural models were based on the observation of
the F conformer at high and the U conformer at low [Mg2þ].
The likely presence of both STEM and F conformers in
equilibrium at pseudo-physiological conditions suggests
an intriguing mechanism for regulation between RNA repli-
cation steps. It is worth noting that Felden et al. (23) have
previously observed an alternate conformation in 3 struc-
tural modeling, and postulated that F could be in a dynamic
equilibrium with a conformation they referred to as an open
form. Interestingly, this open form agrees well with theBiophysical Journal 109(12) 2625–2636STEM interaction in our folding model, in which the 30 ter-
minal pseudoknot is replaced with an alternate hairpin (A0,
Figs. 1 and 2). In this conformation, the 30-terminal-CCAOH
is presented in an alternate tertiary conformation and there-
fore inaccessible to pseudoknot specific host enzymes lead-
ing to loss of some biological functions, e.g., inactivity for
amino acylation. Dreher and Hall (48) suggested that pres-
ence of both states allows shifting of the equilibrium toward
the F conformer through selective stabilization upon bind-
ing to tRNA amino-acyl transferases. In fact, tRNA amino
acylation has been observed to operate at stoichiometric ef-
ficiencies with BMV TLS as substrate, thus validating the
conclusion of Dreher and Hall (48).
Going one step further, a complementary mechanism
could be envisioned in which interaction with a host factor
or viral protein shifts the equilibrium toward the STEM
conformer. As the F conformer is required for recognition
of replication-related host factors, this mechanism would
be equivalent to turning the viral replication pathway off.
In fact, a similar mechanism has been observed for members
of the related Ilarvirus genus of the Bromoviridae family
that share similarities to BMV, such as alfalfa mosaic virus
(AMV) (49,50). The members of this genus require interac-
tion of coat protein (CP) with a series of stem-loops near the
30-end for infectivity (Fig. 8 b). This 30-terminal domain is
capable of folding into an alternative tRNA-like conformer
that bears some resemblance to the TLS of BMV. As for
BMV, the tRNA-like conformer is recognized by the viral
SmFRET of the BMV TLS Domain 2635replicase and thus required for minus-strand synthesis.
Binding of the coat protein to the 30-terminal hairpin results
in disruption of the 30 pseudoknot and thus inhibition of
minus strand synthesis. Mg2þ, on the other hand, has been
found to interfere with coat protein binding due to stabiliza-
tion of the 30 pseudoknot interaction (50). In agreement with
such a mechanism, it appears as though BMV has evolved a
complex scheme, resulting in delayed translation of its CP
(51). Consequently, [CP] increases at later times during
the viral replication cycle, thus presenting a viable factor
for timed regulation of replication. Such a mechanism is
quite analogous to the way that riboswitches turn off gene
expression by binding to a downstream product, thus regu-
lating expression in response to ligand binding.
In a similar fashion, the STEM # F conformational
equilibrium could help in differential recognition of the in-
dividual RNA strands. In parallel to the predicted stabilities
of the STEM domains (RNA1~RNA2 < RNA3), different
biological properties are observed for RNA3 compared to
RNA1 and RNA2. By means of specific example, RNA1
and RNA2 require 30 amino acylation to support infectivity,
but not RNA3. Contrariwise, RNA3 requires the TLS
domain as a cis-regulating element for effective genome en-
capsidation, while it can be cis- or trans-regulating in RNA1
and RNA2 (8,27). Indeed, subtle differences in the STEM
domains may therefore provide a novel pathway for differ-
ential performance between RNA3 and RNA1/RNA2
genomic strands, which is crucially needed for timing pur-
poses during the viral replication cycle. However, clearly
much more work remains to be done to establish the details
of such a putative mechanism. In particular, time-resolved
TIRF or confocal single-molecule studies into the folding
rate constants for these TLS constructs would be extremely
valuable, but to observe such slow conformational kinetics
will require spatial tethering of these TLS domains on the
coverslip surface. Work toward this goal is underway.CONCLUSIONS
We have synthesized an RNA construct for single-molecule
fluorescence experiments modeled after the TLS domain of
Brome Mosaic Virus RNA3, which allows study of TLS
folding dynamics via changes in FRET efficiencies caused
by shifts in Cy3-Cy5 donor-acceptor distances. Burst fluo-
rescence has been utilized to observe and interpret [Mnþ]-
induced folding of the TLS domain under freely diffusing
conditions. Histograms of the EFRET probabilities reveal
three distinct conformations for TLS molecules in solution,
in sharp contrast with the accepted two-state model (i.e.,
unfolded (U) # folded (F)) found in the literature. In
particular, the fractional TLS populations exhibit a smooth
progression with increasing [Mnþ] from unfolded (U) mol-
ecules, through a stable intermediate state (I), to formation
of the fully folded conformation (F). As the folded F confor-
mation is held in place by both stem and pseudoknot tertiaryinteractions, an equilibrium model has been developed that
allows for sequential folding pathways through either
STEM or PSK intermediates. Single molecule analysis of
the fractional populations as a function of monovalent
(Naþ) and divalent (Mg2þ) cations is found to be in excel-
lent agreement with a three-state, sequential step model,
dominated by formation of the STEM intermediate. This
consecutive folding model is further validated by oligomer
competition studies, which unambiguously identify the in-
termediate species as partial folding via the stem interaction.
Of particular importance is that the STEM intermediate
represents a significant species under physiological relevant
salt conditions. Detailed burst titration studies reveal the
unfolded U conformational state to be of relatively little
importance, but instead that both STEM and F conforma-
tions exist in a coupled equilibrium that depends sensitively
on both [Mg2þ] and [Naþ]. These studies suggest that differ-
ential interaction of these STEM and F conformers with
host factors may present a possible mechanism for the regu-
lation of the viral replication cycle. Alternatively stated,
shifts in equilibrium properties between TLS domains
may play a key role in biochemical recognition and differen-
tiation of the RNA1 and RNA2 versus RNA3 genomic
strands. However, further work will be required to establish
or refute the validity of such mechanisms, as is being
explored by kinetic studies of immobilized TLS constructs
at the single molecule level.AUTHOR CONTRIBUTIONS
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